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Atomic Photoeffect in the Range E„=1-2000 keV
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Photoelectric cross sections are presented for photon energies in the range 1-2000 keV. The atomic wave
functions have been evaluated using Shalitin s modified Fermi-Amaldi potential, except for uranium, for
which the Thomas-Fermi potential is used. The results are probably accurate to a few percent.

l %HIS paper reports on rather extensive and accurate..numerical calculations of photoelectric cross sec-
tions in the energy range 1—2000 kcV.' In the low-energy
range and for heavy atoms the effect of atomic screening
on the photoelectric cross sections is expected to be

essentially expansions in Z/137 or in (Z/137) g (rnc'/8, )
and are not expected to yieM satisfactory results at
lIlterlTledlate cncI'glcs Rnd for hcavy atoms. Onc has
thus to resort to numerical calculations. Kith the aid
of modern high-speed computers such calculations are

TAsLz I. Total cross sections in barns for the E and L subshells
oi uranium, 8=92 (calculated with a TF potential).
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FXG. 1. Photoelectric cross sections of uranium (Z=92).
The points are taken from Ref. 14.

important. Besides, for the heaviest atoms relativistic
effects are not negligible. In the relativistic domain

only approximate expressions for the photoelectric
cross sections are available. ' 4 These expressions are

~ Present address: Department of Physics, University of Vir-
ginia, Charlottesville, Virginia.

'Most results for uranium were published by the authors in
Phys, Letters 19, 207 (1965). A full account on the calculations
of the cross sections reported in the present work was given in
Hebrew by A. Ron in his Ph.D. thesis for Hebrew University,
Jerusalem, 1966 (unpublished) .' M. Gavrila, Phys. Rev. 113, 514 (1959); 124, 1132 (1961).

' R. H. Pratt, Phys. Rev. 11V, 1017 (1960); 119, 1619 (1960).
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Fiz. 43, 991 (1962) [English transl. : Soviet Phys. —JETP 16,
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quite feasible and several of them have been performed
in recent years. ' "Here a rather complete compilation
of total cross sections is presented. A tabulation of
angular distributions and polarizations vvould be too
voluminous.
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ATOMIC PHOTOEFFECT IN RANGE E~ = 1 —2000 keV

The expression for the photoelectric cross section is
obtained by inserting into the general formula

do/d0, =$2rrpE. /(2Ir&C)'gV~»~
I ~It I' (I)
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FIG. 2. Photoelectric cross sections of tungsten (Z =74) .
The points are taken from Ref. 14.

(6) and the continuum states behave asymptotically as
follows:

Here,
&sXv =&Xv

The functions f, g satisfy the radial Dirac equations.
The bound states are normalized to

(gt,;,'+ft,;,') dr=. 1. . .

0

g;I+sin(p, r ——,
' (Irl) +8v),

ft,~fhcP, /(E, +tnc') j'ts cos(P,r ——', (Irl) +St,) . (8)

Expanding the interaction in spherical harmonics, sub-
stituting expressions (3) and (4) for the wave functions,
and performing all the summations over magnetic quan-
tum numbers, the expression for the differential cross

TABLE II. Total cross sections in barns for 3f subshells of uranium, Z=92 (calculated with a TF potential).

Photon
energy
(keV)

Subshell
~ZIZ

2000
662
279
208
103
81
50
25
10
6
5.5
5
4

0.0647
0.554
4.030
8.198

44.48
77.94

230.9
981.7

5182
ii 010

0.2185

30.17
58.08

208.8
ii51
7643

16 615
18 425

0.1188

26. 76
55.47

230.7
1570

14 350

0.00496

2.88
7.043

42. 14
513.0

10 930

84 920
154 600

0.00461

2.843
7.162

45.50
597.5

13 860

114 000
211 500

"M. E. Rose, Retoteotstio Eteetrors Theory (John Wiley tk Sons, Inc. , New York, 1961).



G. RAKA VY AND A. RON

TxaLE IH. Total cross sections in barns for E subshells of uranium, 8=92 {calculated with a TF potential).

Photon
energy
(keV)

103
10
5
3
2
1.75
1.5
1

12.11
1616
5290

11 430
19 310

Subshell
&xn

7.103
3683

15 420

72 170

+IV

0.8394
2374

15 300

101 800

0.8266
3013

20 570

149 100

350 000

section can 4e cast into the forHl

do/dQ, = (8+E,/n-'p 2E,) L(E,+wc')/2E, ]"'g B„P„(cose.),

—4p g g g Q ( 1)Jf 1/2+zl+r2+Jl+A&4 —~1++1—k2

J1LS ~1~2 ~1&~ i~A

&& expLs(Bg„,—Bg~;)][(2hg+1) (2hp+1) (2lg+1) (2/+1) (2jg+1) (2jg+1)J"
&&(&».0 I.o) (&.O1~ I

& ~) (&.01~ I
& ~) (& ~&.-~ I 0) &(& &j j" —:)

&&&(~~1-2j~jm; Nj') (0~;; II j~P~ ~v II o') (4~ llew ~ ».~~ II &') (10)

The cross sections for circularly polarized photons are the same as for unpolarized photons; thus in expression (10)
q can be chosen +1 or —1. We obtain the simpler form

32m' 1 E, (E,+use')
0' Bon'p, 'E, 2E,

for the total cross section, a&here

a,=4p, ZZZII(yvllj, s, ,,»II@~) I+I:I/(2m+1)]l(4 le +s~;~ II&') I'

+L(I+1)/(21+1)] I (« llj ~, v II &) I' —
I
L2(L(1+1)) /(2L+»]

&& («I(4v II j~~~~~.~&5 II 4~) (« II j~-~~~~.~» II e')*I} (»)
The reduced matrix elements appearing here are

(4v le ~~~i» II 4 ) =~(tj II ~~~ II 4') g~;;(&)i.(&r)fv(r) «
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I I

L,j,) f~, ;(&)j~(&~)ai (r) «, (18)
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l2 2 j2
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ATOMIC PHOTOEFPKCT IN RANGE E, =1-2000 keV

10 I I I I I III I I I 1 I I I II I I I I I III) Tax,E IV. Total cross sections in barns for S and 0 subshells of
uranium, Z= 92 (caicuiated with a TF potential).

total atomic
section SubsheO

Svx
+vxx
Ox
Ax
Oxxx

Oy

103

0.01515
0.01564
3.096
1.896
1.636
0.1599
0.1544

Photon energy (keV)
10 5 3

418.3 5933 125 500
501.1 7281 158 500
427.8 1472 6472
499.7 1735 6466
842.9 3595 18 540
427.8 2703 18 640
532.5 3558 26 400
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1 037 000

17 040
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77 110
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Photon
energy
(keV)

2000
1173
662
279
103
81
71
50
30
15
12.75
12.2
11

0.9168
2.399
7.911

66.66
964.2

1803.5
2536

0.1054
0.2771
0.9126
7.378

95.41
173.6

549.8
1712
6/32
8942

Lxx

0.01722
0.04707
O. i/03
1.742

35.14
73.51

319.4
1450

10 030

Lxxx

0.01216

0.1257
1.445

35.99
79.28

380.5
1909

15 110

Thsx.z V. Total cross sections in barns for E and I subshells of
tungsten, Z=74 (calculated with FAN potentials).

Fro. 5. Photoelectric cross sections of tin (Z=SO).
The porn. ts are taken from Ref. 14.
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Fro. 4. Photoe1ectric cross sections of iron (Z =26) .
The points are taken from Ref. 14.
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Fro. 5. Photoelectric cross sections of aluminium (Z= 18).
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Q. RAKA VY AND A. RON

Tazrz VI. Total cross sections in barns for M subshells of tungsten, Z= 14 (calculated with FAM potentials).

Photon
energy
(keV)

Subshell
~III XIV

103
81
50
30
10
5
3.5
3
2.5

20.48
37.27

119.0
380.3

3605
12 200
20 980

7.215
15.81
65.04

273.0
4266

17 320
31 020

8.719
17.73
80.60

373.8
7153

33 800

88 060

0.4920
1.256
8.260

58.86
3123

29 560

0.5287
1.381
9.558

71.18
4083

40 140

TAnr, z VII. Total cross sections in barns for P subshells of tungsten, Z= 74 (calculated with FAM potentials) .

Photon
energy
{keV)

Subshell
&IIX +Iv

103
81
50
30
10
5
1

5.012
9.123

29.20
93.92

930.7
3422

41 550

1.812
3.696

15.06
62.55

966.9
4123

42 760

1.921
4. 127

18.59
85.20

1596
7693

121 200

0.1177
0.2977
1.917

13.23
618.0

5075
170 900

0.1255
0.3260
2.203

15.94
805.8

6894
254 400

TAnxz VIII. Total cross sections in barns for P and 0 subshells of tungsten, Z= 14 (calculated with-FAM potentials).

Photon
energy
(keV) &VI &VII

Subshell
O, OII OIII

701.8
188 100

873.1
242 100

707.7
10 580

1261.
22 660

TAnrz IX. Total cross sections in barns for E and I.subshells of tin, Z= 50 (calculated with FAM potentials).

Photon
energy
(keg)

Subshell
LXI

2000
1173
662
279
103
81
40
30
10
5
4.5
4.25

0.1635
0.4207
1.416

13.24
229.3
455.2

3168
6683

0.01718
0.04432
0.1490
1.358

21.76
42.05

269.6
551.8

6533
23 910

0.0009111
0.002565
0.009764
0.1140
2.924
6.557

69.62
179.0

5494
38 640
50 890

0.001108
0.002934
0.01071
0.1308
3.884
8.923

102.9
273.4

9292
69 100



ATOMIC PHOTOEFFKCT IN RANGE E~= 1-2000 keV

TABLE X. Total cross sections in barns for 3E subshells of tin, Z=50 (calculated with FAM potentials).

Photon
energy
(keV) 3fx Mxx

Subshell
~zzx Mv

662
279
103
81
40
30
10
5
3
1

0.02847
0.2588
4.113
7.929

50.63
103.8

1287
5273

13 660
75 360

0.001987
0.02302
0.5746
1.275

12.94
32.45

850.4
5143

16 450
106 600

0.002214
0.02655
0.7634
1.752

19.42
50.22

1455
9297

31 090
230 600

0.01475
0.03982
0.7/70
2.587

210.9
2702

15 370
391 300

0.01752
0.04901
0.9952
3.365

288.7
3788

21 880
571 500

TAnLE XI. Total cross sections in barns for N subshells of tin, Z= 50 (calculated with FAM potential).

Photon
energy
(keV)

103
81
40
30

Nx

0. /552
1.455
9.287

19.04

Subshell
&zr &xzz

Photon
energy
(keV)

10
5
3

&z

238.3
997.3

2664
18 200

Subshell
Exz

801.8
2581

20 080

&rzx

1424
4762

40 480

TAnLE XII. Total cross sections in barns for E and L subshells of iron, Z=26 (calculated with FAM potentials) .

Photon
energy
(keV)

Subshell
Lxz Lzzz

2000
1173
662
279
120
103
81
30
10
7.65
5
3
1

0.008414
0.02116
0.07196
0.7388
9.574

15.34
32.12

639.3
13 940
27 600

0.0007505
0.001890
0.006419
0.06531

1.315
2.721

50.26
964.3

5113
15 630

112 450

0.000007201
0.00002072
0.00008249
0.001109

0.03706
0.08989
3.577

182.4

1856
9272

203 900

0.00001441
0.0000367
0.0001253
0.001625

0.05924
0.1466
6.297

334.6

3483
17 640

400 400

TAsz.z XIII. Total cross sections in barns for M subshells of iron, Z=26 (calculated with FAM potentials).

Photon
energy
(keV)

103
81
30
10

3Ex

0.168
0.3472
6.375

121.6

Subshell
Mzz

0.00416
0.01011
0.3953

19.28

~xzx

0.006649
0.01643
0.6927

35.42

Photon
energy
(keV) 3'

648.4
2014

17 570

Subshell
Mzr

185.6
870.7

15 770

~zzr

347.5
1650

30 590
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TAnLE XIV. Totai cross sections in barns for Z and I subshells of aluminum, 2= 13 (calculated with PAN potentiais) .

Photon
energy
(keV)

Subshell

2000
662
2'S
103
81
30
10
5
3
2

0.0003185
0.002692
0.0291
0.6765
1.468

35.19
1036
N62

0.001894
0.04382
0.09491
2.205

60.80
430.2

1644

0.000005535
0.0002101
0.00053
0.02736
2.051

2'7. 96
178.0

0.000009354
0.00037'l5
0.0009589
0.0516
3.928

54.65
346.4

1,0
~ 0.8

g Q.s

~ 0, &

QQ

hJ Qg
100 200 500 &000 2000

Eg(keV)

FIG 6. Total atomic cross sections of various elements at inter-
mediate photon energies. The numbers on the curves designate
the Z of the element. Notice that the cross sections vary roughly

g4.5/@9.5

"D.Shalitin, Phys. Rev. 140) A1857 41965}.

According to Shalitin's analysis of binding energies"
a modifted Fermi —Amaldi potential (denoted FAM)
gives very good results for atoms with Z below 50. For
very high Z the conventional Thomas-Fermi potential
(denoted TF) gives satisfactory results. The errors in
the binding energies are only of a few percent and are,
on the average, not larger than the ones inherent in
results obtained with Hartree —Fock self-consistent Geld

potentials. In our calculations it was decided to use
the FAM potentials for aB atoms except for uranium.
For the latter the TF potential was used. In the inter-
mediate region (Z between 50 and 80) it was found
that the difference in cross sections obtained by using
FAM and TF potentials is less than 1.5%. The differ-
ence is larger for Z below 50, but in all cases which we
checked it did not exceed 5%. It was also found that
for the E shell the screening of the Coulomb 6eld is
negligible, but for all higher shells screening eGects are
important.

Comprehensive checks, including comparison with
numerical results of Refs. 5—H, show that the numerical
accuracy of the calculations is better than 0.5%. Un-

certainties in the cross sections resulting from the
use of an inaccurate eGective central potential are
not believed to be more than a few percent.

The results of the calculations are presented ia
Tables I—XIV and in Figs. j.—5."In Fig. 6 the atomic
cross sections above 100 keV are summarized in a con-
venient forID.

It is a pleasure to thank Dan Shalitin for generous

help and advice through many phases of our work.

'4 C. M. Davisson, in 2/phd-, Beta-, md Ganesa-Ray Spectros-
copy, edited by K. Siegbahn I'North-Holland Publishing Com-
pany, Arnsterdarn, 1965},Vo . 1.


